Introduction {#emi14345-sec-0001}
============

In Arctic and sub‐Arctic ecosystems, thermokarst lakes cover about 20%--40% of the permafrost regions (Osterkamp *et al*., [2009](#emi14345-bib-0068){ref-type="ref"}; Koch *et al*., [2014](#emi14345-bib-0046){ref-type="ref"}; Abbott *et al*., [2015](#emi14345-bib-0001){ref-type="ref"}; Schuur *et al*., [2015](#emi14345-bib-0078){ref-type="ref"}; Narancic *et al*., [2017](#emi14345-bib-0063){ref-type="ref"}). Thermokarst lakes evolve through horizontal and vertical permafrost degradation, which creates characteristic eroding shorelines from where sediment is slumping into the lake. These lakes are generally shallow (\< 3.0 m) and range in size from a few square meters to hundreds of square kilometers (Grosse *et al*., [2013](#emi14345-bib-0028){ref-type="ref"}; Wik *et al*., [2016](#emi14345-bib-0094){ref-type="ref"}). Due to warming, there is a retreat or melting of permafrost that may result in an increase in lake numbers and expansion of their area (Karlsson *et al*., [2015](#emi14345-bib-0043){ref-type="ref"}). Interestingly, these thermokarst lakes contribute significantly to methane (CH~4~) emissions (Walter *et al*., [2006](#emi14345-bib-0091){ref-type="ref"}, [2008](#emi14345-bib-0090){ref-type="ref"}; Olefeldt *et al*., [2016](#emi14345-bib-0066){ref-type="ref"}; Wik *et al*., [2016](#emi14345-bib-0094){ref-type="ref"}), releasing an estimated 4.1 ± 2.2 Tg CH~4~ y^−1^ (Wik *et al*., [2016](#emi14345-bib-0094){ref-type="ref"}). With the prediction of 20 more ice‐free days on Arctic water bodies before 2079 (Dibike *et al*., [2011](#emi14345-bib-0017){ref-type="ref"}; Prowse *et al*., [2011](#emi14345-bib-0071){ref-type="ref"}), CH~4~ emissions from thermokarst lakes are expected to increase by 30% (Wik *et al*., [2016](#emi14345-bib-0094){ref-type="ref"}).

The majority of globally emitted CH~4~ (60%--70%) originates from biogenic sources (Kirschke *et al*., [2013](#emi14345-bib-0044){ref-type="ref"}; Myhre *et al*., [2013](#emi14345-bib-0062){ref-type="ref"}). Methane is produced by methanogenic archaea as the terminal step of microbial decomposition of organic matter in anoxic environments. Methanogenic substrates include hydrogen/carbon dioxide (H~2~/CO~2~) (hydrogenotrophic methanogenesis), methylated compounds including methanol (MeOH) (methylotrophic methanogenesis), acetate (acetoclastic methanogenesis) and methoxylated aromatic compounds (methoxydotrophic methanogenesis) (Garrity *et al*., [2004](#emi14345-bib-0025){ref-type="ref"}; Cheng *et al*., [2007](#emi14345-bib-0011){ref-type="ref"}; Thauer and Shima, [2008](#emi14345-bib-0084){ref-type="ref"}; Dridi *et al*., [2012](#emi14345-bib-0019){ref-type="ref"}; Mayumi *et al*., [2016](#emi14345-bib-0056){ref-type="ref"}). In permafrost soils, H~2~/CO~2~ and acetate are the main substrates (Kotsyurbenko *et al*., [2001](#emi14345-bib-0049){ref-type="ref"}; Basiliko *et al*., [2003](#emi14345-bib-0006){ref-type="ref"}; Nozhevnikova *et al*., [2003](#emi14345-bib-0064){ref-type="ref"}; Galand *et al*., [2005](#emi14345-bib-0023){ref-type="ref"}; Kotsyurbenko, [2005](#emi14345-bib-0047){ref-type="ref"}; Metje and Frenzel, [2007](#emi14345-bib-0058){ref-type="ref"}; McCalley *et al*., [2014](#emi14345-bib-0057){ref-type="ref"}; Yang *et al*., [2017](#emi14345-bib-0096){ref-type="ref"}), but there are contradicting reports on the respective predominant methanogenesis pathway in thawing permafrost. Several studies found an association of acetoclastic methanogenesis with thawing permafrost (Høj *et al*., [2008](#emi14345-bib-0036){ref-type="ref"}; Barbier *et al*., [2012](#emi14345-bib-0005){ref-type="ref"}; McCalley *et al*., [2014](#emi14345-bib-0057){ref-type="ref"}; Mondav *et al*., [2014](#emi14345-bib-0061){ref-type="ref"}; Blake *et al*., [2015](#emi14345-bib-0009){ref-type="ref"}; Coolen and Orsi, [2015](#emi14345-bib-0012){ref-type="ref"}; Gill *et al*., [2017](#emi14345-bib-0026){ref-type="ref"}; Voigt *et al*., [2017](#emi14345-bib-0087){ref-type="ref"}), while other data suggests an increase in hydrogenotrophic methanogenesis (Kotsyurbenko, [2005](#emi14345-bib-0047){ref-type="ref"}; Wagner *et al*., [2005](#emi14345-bib-0088){ref-type="ref"}; Kotsyurbenko *et al*., [2007](#emi14345-bib-0048){ref-type="ref"}; Blake *et al*., [2015](#emi14345-bib-0009){ref-type="ref"}; Liebner *et al*., [2015](#emi14345-bib-0050){ref-type="ref"}).

The produced methane diffuses through the sediment column upward, where it can be (partially) oxidized to CO~2~ by methanotrophic Archaea and Bacteria. The aerobic methanotrophs in permafrost soils are generally dominated by type I methanotrophs (Gammaproteobacteria) (Trotsenko and Khmelenina, [2005](#emi14345-bib-0085){ref-type="ref"}; Wagner *et al*., [2005](#emi14345-bib-0088){ref-type="ref"}; Liebner and Wagner, [2007](#emi14345-bib-0053){ref-type="ref"}; Trotsenko and Murrell, [2008](#emi14345-bib-0086){ref-type="ref"}; Liebner *et al*., [2009](#emi14345-bib-0052){ref-type="ref"}; Semrau *et al*., [2010](#emi14345-bib-0079){ref-type="ref"}; He *et al*., [2012](#emi14345-bib-0031){ref-type="ref"}; Martinez‐Cruz *et al*., [2017](#emi14345-bib-0055){ref-type="ref"}), whilst some other studies found high relative abundance of type II methanotrophs (Alphaproteobacteria) (Knoblauch *et al*., [2008](#emi14345-bib-0045){ref-type="ref"}; Stackhouse *et al*., [2017](#emi14345-bib-0081){ref-type="ref"}). Methanotrophs affiliated with Verrucomicrobia have been detected in permafrost sediments (Hansen *et al*., [2007](#emi14345-bib-0029){ref-type="ref"}; Dan *et al*., [2014](#emi14345-bib-0014){ref-type="ref"}; Ganzert *et al*., [2014](#emi14345-bib-0024){ref-type="ref"}; Deng *et al*., [2015](#emi14345-bib-0016){ref-type="ref"}; Frey *et al*., [2016](#emi14345-bib-0022){ref-type="ref"}). Recently, the potential for anaerobic oxidation of methane (AOM) has been shown in (submarine) permafrost (Overduin *et al*., [2015](#emi14345-bib-0069){ref-type="ref"}; Winkel *et al*., [2018](#emi14345-bib-0095){ref-type="ref"}).

CH~4~ emissions from natural environments will likely increase by 2100 and beyond (Dean *et al*., [2018](#emi14345-bib-0015){ref-type="ref"}). However, the relative contribution of Arctic microbial methane fluxes to global methane emission remains highly uncertain (Wagner *et al*., [2017](#emi14345-bib-0089){ref-type="ref"}). In order to predict the vulnerability of permafrost carbon to decomposition and the resulting methane emission, we need to better understand how Arctic microbial communities respond to realistic warming scenarios and changes in nutrient availability. Identifying the responsible microbial communities is a good starting point in unravelling the microbial diversity and activity, and in quantifying the contribution of thermokarst lakes to the global methane budget in a warming world. Here, we investigate the effect of the projected temperature increase (+6°C by 2100; Myhre *et al*., [2013](#emi14345-bib-0062){ref-type="ref"}) on the activity and community composition of both methane‐producing and ‐oxidizing microorganisms in the sediment of two thermokarst lakes in Utqiag˙vik, Alaska. The influence of temperature on Arctic microbial communities was assessed by a complementary array of techniques including 16S rRNA gene amplicon sequencing and CH~4~ flux measurements in batch incubations. We found that both methanogenic and aerobic methanotrophic rates increased with warming. The microbial community composition changed in response to the addition of different substrates.

Results {#emi14345-sec-0002}
=======

Biogeochemistry of the thermokarst lake sediments {#emi14345-sec-0003}
-------------------------------------------------

Sediment cores were taken in duplicates from four different sites of Lake Emaiksoun and three sites from Unnamed Lake in the vicinity of Utqiag˙vik, Alaska, during a winter field campaign in November 2015 (Supporting Information Table [S1](#emi14345-supitem-0001){ref-type="supplementary-material"}, Supporting Information Fig. [S1](#emi14345-supitem-0001){ref-type="supplementary-material"}). The top 30--40 cm of all cores was made up by clay‐dominated silty, organic‐rich (30 wt% total organic carbon), brown mud that was abruptly truncated at the bottom by a sharp boundary to the underlying sediment. These lower halves of the cores consisted of old coastal sand, pebble and silt deposits, which gradually turned into clayey marine mud toward the bottom. This sequence of marine layers documents the regression of the paleo shoreline. The associated marine and coastal deposits can be attributed to the Barrow Unit of the Gubik formation, which is a well‐documented Quaternary deposit in near‐coastal landscapes of northernmost Alaska (Black, [1964](#emi14345-bib-0008){ref-type="ref"}). Pore water sample analysis showed that total nitrogen was 8.1 mg L^−1^, predominantly present in the form of ammonium (8 mg L^−1^) and only trace amounts of nitrate (0.1 mg L^−1^) (Supporting Information Tables [S2](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S3](#emi14345-supitem-0001){ref-type="supplementary-material"}). Total phosphate and sulfate were 0.8 and 1.8 mg L^−1^ respectively. The total salinity of the pore water was around 500 ppm, indicating that these thermokarst lakes are freshwater systems.

*Bacterial and archaeal community composition in the lake sediments* {#emi14345-sec-0004}
--------------------------------------------------------------------

One of the duplicate cores taken per sample site was used for further studies. For each core, the 16S rRNA genes were amplified using two distinct primer sets targeting Bacteria and Archaea and were sequenced with Illumina technology. The total abundance of Bacteria and Archaea was quantified by qPCR, and showed that Bacteria were seven times more abundant based on copy number than the Archaea in all sediment cores (Fig. [1](#emi14345-fig-0001){ref-type="fig"}). The bacterial community structure was similar in both lakes, which was supported by non‐metric multidimensional scaling (NMDS) analysis (Supporting Information Figs. [S2](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S3](#emi14345-supitem-0001){ref-type="supplementary-material"}). Diversity analysis using the Simpson and Shannon diversity indices indicated similar diversity for the seven thermokarst lake sediment cores with higher diversity for the bacterial than the archaeal community on OTU level (Supporting Information Tables [S4](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S5](#emi14345-supitem-0001){ref-type="supplementary-material"}). This was also reflected by the Chao1 species richness estimation (Supporting Information Tables [S4](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S5](#emi14345-supitem-0001){ref-type="supplementary-material"}). Additionally, both Simpson‐ and Shannon‐based evenness were similar in all cores for both the archaeal and bacterial communities (Supporting Information Tables [S4](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S5](#emi14345-supitem-0001){ref-type="supplementary-material"}). The bacterial community was very diverse (Fig. [1](#emi14345-fig-0001){ref-type="fig"}): a rare microbial biosphere prevailed with around 50% of the reads affiliated to groups with an individual relative abundance of less than 2%. The most abundant bacteria belonged to Bacteriodetes with 16%--19%, followed by 9%--17% assigned to Nitrosomonadales, and 4--8% of the Anaerolineales order. A difference between the lakes was observed in the relative abundance of Campylobacterales (Epsilonproteobacteria) in Lake Emaiksoun (3%--8%) compared with \< 2% in Unnamed Lake. Most archaeal reads (16%--40%) in Lake Emaiksoun were affiliated to Rice Cluster II organisms, whereas *Methanosaetaceae* (30%--31%) reads showed highest relative abundance in Unnamed Lake (Fig. [1](#emi14345-fig-0001){ref-type="fig"}). The second most abundant phylum was Bathyarchaeota (17%--24% in Lake Emaiksoun and 27%--28% in Unnamed Lake). Woesearchaeota were present in both lakes (8%--10% in Emaiksoun Lake; 5%--8% in Unnamed Lake).

![Distribution of 16S rRNA gene reads of major archaeal (A) and bacterial taxonomic groups (B) in the seven thermokarst lake sediment cores. The maximum taxonomy depth is on family level for Archaea and on order level for Bacteria. Total amount of 16S rRNA gene copy number determined by qPCR amplicons per gram dry weight is depicted vertically, whereas the cores are shown horizontally. Taxonomic groups with \< 2% abundance are grouped to category 'Other'.](EMI-20-4314-g001){#emi14345-fig-0001}

*Activity and community composition of methanogens* {#emi14345-sec-0005}
---------------------------------------------------

Since bacterial and archaeal OTUs of the original sediments were similar according to diversity analyses, the thermokarst lake sediment cores (one of the duplicate sediment cores taken per sample site) were homogenized and combined prior to incubation. Methanogenic activity at 4°C and 10°C was determined for 279 days in sediment slurries amended with acetate, trimethylamine (TMA), and H~2~/MeOH, and for 64 days with H~2~/CO~2~ (Fig. [2](#emi14345-fig-0002){ref-type="fig"}). In all the incubations, the CH~4~ production rates were higher at 10°C than at 4°C (Table [1](#emi14345-tbl-0001){ref-type="table"}). At both temperatures, the substrate additions induced higher methanogenic activity over the control except for H~2~/MeOH. The highest methanogenesis rates were observed with TMA as substrate with 6.6 ± 0.01 μmol CH~4~ gdw^−1^ d^−1^ and 8.5 ± 0.3 μmol CH~4~ gdw^−1^ d^−1^ at 4°C and 10°C respectively (Table [1](#emi14345-tbl-0001){ref-type="table"}). This was followed by acetate, being 3% higher at 10°C compared with 4°C. For both incubations, the total CH~4~ production was not significantly different (two‐sided *t*‐test; *p* \> 0.05). The incubation with H~2~/CO~2~ were active in the first 60 days but only produced substoichiometric amounts of methane. The maximum Q~10~ coefficient, which corresponds to the rate change as a result of temperature increase, for TMA, acetate and the control incubations was detected after 98 days, with values of 9.8, 4.2 and 3.3 respectively. Final Q~10~ values were 0.9, 1.1 and 1.1 for TMA, acetate and the control. For the H~2~/CO~2~ incubation the maximum Q~10~ coefficient of 2.0 was obtained after 52 days. Cell‐specific methanogenesis rates had only minor differences between 4°C and 10°C on acetate (8.1 and 7.7 fmol cell^−1^ d^−1^ for 4°C and 10°C respectively) and TMA (51 and 40 fmol cell^−1^ d^−1^ for 4°C and 10°C respectively) and are all in the range of previously observed methane production rates (Supporting Information Table [S6](#emi14345-supitem-0001){ref-type="supplementary-material"}) (in 't Zandt *et al*., [2018](#emi14345-bib-0041){ref-type="ref"}).

###### 

Methanogenesis rates and total methane production measured in soil slurries incubated with 2 mM trimethylamine (TMA), 2 mM Acetate, 2 mM methanol (MeOH) with 2 mM H~2~ and 8 mM H~2~ with 2 mM CO~2~.

  Substrate                                             Maximum methane production rate (μmol CH~4~ gdw^−1^ d^−1^)   Total methane production (μmol CH~4~ gdw^−1^)               
  ----------------------------------------------------- ------------------------------------------------------------ ----------------------------------------------- ----------- -----------
  TMA                                                   6.6 (±0.01)                                                  8.5 (±0.3)                                      420 (±9)    400 (±11)
  Acetate                                               3.4 (±0.4)                                                   4.7 (±0.3)                                      268 (±2)    278 (±6)
  H~2~/CO~2~ [\*](#emi14345-note-0003){ref-type="fn"}   0.7 (±0.05)                                                  1.3 (± 0.1)                                     13 (±1)     21 (±2)
  H~2~/MeOH                                             0.3 (±0.2)                                                   0.7 (±0.04)                                     10 (±0.3)   13 (±1)
  Control                                               1.0 (±0.07)                                                  1.7 (±0.2)                                      33 (±2)     34 (±2)

As control, sediment slurries were incubated without additional substrate. Gas measurements were performed in triplicate, and rates were calculated for the linear phase. Numbers between brackets display standard deviation of the mean.

64 days of incubation.

###### 

Quantification of archaeal and bacterial 16S rRNA gene copy number per gram dry weight in methanogenic incubations.

  Substrates                                             Archaeal 16S rRNA gene copies per gdw   Bacterial 16S rRNA gene copies per gdw   Archaeal reads to control    Bacterial reads to control                      
  ----------------------------------------------------- --------------------------------------- ---------------------------------------- ---------------------------- ---------------------------- ------ ------ ----- -----
  TMA                                                         8.5 × 10^8^ (±6.7 × 10^6^)               1.2 × 10^9^ (±1.4 × 10^7^)         1.5 × 10^8^ (±3.0 × 10^6^)   1.8 × 10^8^ (±2.5 × 10^6^)   19.0   28.7   0.6   1.0
  Acetate                                                     7.8 × 10^7^ (±2.3 × 10^6^)               1.3 × 10^8^ (±6.6 × 10^5^)         1.0 × 10^8^ (±1.5 × 10^6^)   1.4 × 10^8^ (±3.0 × 10^6^)   1.7    2.9    0.4   0.8
  H~2~/CO~2~ [\*](#emi14345-note-0004){ref-type="fn"}         1.9 × 10^7^ (±2.6 × 10^5^)               1.6 × 10^7^ (±9.7 × 10^4^)         6.4 × 10^7^ (±4.9 × 10^6^)   7.0 × 10^7^ (±2.4 × 10^5^)    nd     nd    nd    nd
  H~2~/MeOH                                                   1.3 × 10^7^ (±3.7 × 10^5^)                    1.2 × 10^7^ (±0)              8.9 × 10^7^ (±5.2 × 10^5^)   6.6 × 10^7^ (±1.3 × 10^6^)   0.3    0.3    0.4   0.4
  Control                                                     4.5 × 10^7^ (±4.0 × 10^5^)               4.3 × 10^7^ (±4.2 × 10^5^)         2.5 × 10^8^ (±3.3 × 10^6^)   1.8 × 10^8^ (±4.2 × 10^6^)    nd     nd    nd    nd

Numbers between brackets display standard deviation of the mean. \*64 days of incubation.

![CH~4~ production in batch incubation assays of thermokarst lake sediment slurry at 4°C and 10°C amended with different methanogenic substrates. Each data point represents the average of three incubations. Substrates: trimethylamine (TMA), acetate, hydrogen/methanol (H~2~/MeOH), H~2~/CO~2~, the control contained only sediment slurry. Error bars indicate standard deviation of the mean. The insert depicts the H~2~/CO~2~ cultures during 0--64 days.](EMI-20-4314-g002){#emi14345-fig-0002}

![Phylogenetic classification of amplified archaeal 16S rRNA genes in the methanogenic incubations. The maximum taxonomy depth is on family level. Taxonomic groups with \< 2% abundance are grouped in 'Other'.](EMI-20-4314-g003){#emi14345-fig-0003}

The qPCR data showed that the total archaeal 16S rRNA gene copy numbers increased in all methanogenic incubations compared to the control, except for H~2~/MeOH, consistent with the low methane production in this incubation (Table [2](#emi14345-tbl-0002){ref-type="table"}). Archaeal copy numbers in TMA amended incubations increased 19‐ to 28‐fold compared with control incubations at 4°C and 10°C respectively, and had six‐times more archaeal than bacterial copy numbers at both temperatures. In addition to the increase in archaeal copy numbers, the community composition of the archaea changed (Fig. [3](#emi14345-fig-0003){ref-type="fig"}). In TMA amended cultures, *Methanosarcinaceae* were the most abundant Archaea (94% of archaeal reads at 4°C, and 91% of archaeal reads at 10°C). The incubations amended with acetate contained about equal numbers of Archaea and Bacteria at 4°C and 10°C, with *Methanosaetaceae* (51% at 4°C, and 72% at 10°C) as the most abundant archaeal group. The archaeal communities in the incubations with H~2~/CO~2~ and H~2~/MeOH did not change much with respect to microbial community structure. In general, the bacterial community was still highly diverse in these incubations, with a similar community structure as the control (Supporting Information Fig. [S4](#emi14345-supitem-0001){ref-type="supplementary-material"}).

*Activity and community composition of aerobic methanotrophs* {#emi14345-sec-0006}
-------------------------------------------------------------

To determine aerobic methanotrophic activity, batch incubations with original sediment were amended with CH~4~ and oxygen (O~2~) and CH~4~ consumption was followed for 62 days (Fig. [4](#emi14345-fig-0004){ref-type="fig"}A). Maximum methanotrophic oxidation rates increased by up to 57% with temperature rise, from 90 ± 8 μmol CH~4~ gdw^−1^ d^−1^ at 4°C to 141 ± 0.2 μmol CH~4~ gdw^−1^ d^−1^ at 10°C. The Q~10~ coefficient had a maximum value of 2.6 after 46 days, indicating temperature sensitivity. The cumulative CH~4~ consumption over 62 days was 2.2 ± 0.08 mmol CH~4~ gdw^−1^ at 4°C and 2.5 ± 0.06 mmol CH~4~ gdw^−1^ at 10°C (Fig. [4](#emi14345-fig-0004){ref-type="fig"}B), which indicated on average a 10% increase in CH~4~ consumption rate at 10°C. Cell‐specific rates were 83 and 112 fmol cell^−1^ h^−1^ for 4°C and 10°C, which is within the range previously reported for aerobic methanotrophs (Supporting Information Table [S6](#emi14345-supitem-0001){ref-type="supplementary-material"}) (in 't Zandt *et al*., [2018](#emi14345-bib-0041){ref-type="ref"}).

![Oxidation of CH~4~ by aerobic methanotrophs in batch incubations with thermokarst lake sediment slurry at 4°C and 10°C. Each data point represents the average from triplicate incubations with methane (CH~4~) and oxygen (O~2~), biotic control with only O~2~ and abiotic control with chloroform (Chl). Error bars indicate standard deviation of the mean. When there was no activity observed, horizontal lines, oxygen was depleted.](EMI-20-4314-g004){#emi14345-fig-0004}

The 16S rRNA gene analysis (Fig. [5](#emi14345-fig-0005){ref-type="fig"}) showed that type I methanotrophs from the Methylococcales order dominated the enrichment cultures (20%--22% of bacterial reads). There were no reads affiliated with type II methanotrophs. The non‐methanotrophic population included potentially methylotrophic Methylophilales with a relative abundance of 5%--6%. Most surprisingly, Flavobacteriales showed highest relative abundance in both methanotrophic incubations (49% at 4°C, 40% at 10°C). The community composition of the controls showed a relative dominance of the Nitrosomonadales, which are ammonia oxidizing bacteria that could grow on the ammonium (1 mM) provided as the sole nitrogen source. qPCR showed a ratio of 14:1 of bacterial to archaeal 16S rRNA gene copy number for CH~4~ amended cultures (Table [3](#emi14345-tbl-0003){ref-type="table"}). The archaeal abundance decreased substantially, but the community composition did not change much compared to the control and the original sediments (Fig. [1](#emi14345-fig-0001){ref-type="fig"}; Supporting Information Fig. [S5](#emi14345-supitem-0001){ref-type="supplementary-material"}).

![Phylogenetic classification of amplified bacterial 16S rRNA genes in the aerobic methanotrophic cultures with methane (Methane) or without methane (Control) after 62 days of incubation at 4°C and 10°C. The maximum taxonomy depth is on family level. Taxonomic groups with \< 2% abundance are grouped in 'Other'.](EMI-20-4314-g005){#emi14345-fig-0005}

###### 

Quantification of archaeal and bacterial 16S rRNA gene copy number per grams dry weight in the aerobic methanotrophic incubations with methane and oxygen (O~2~) and without methane (control) after 62 days.

  Electron acceptors    Archaeal 16S rRNA gene copies per gdw   Bacterial 16S rRNA gene copies per gdw   Archaeal reads to control    Bacterial reads to control                 
  -------------------- --------------------------------------- ---------------------------------------- ---------------------------- ---------------------------- ---- ---- ---- ----
  O~2~                       1.3 × 10^7^ (±1.6 × 10^5^)               1.4 × 10^7^ (±4.3 × 10^5^)         1.8 × 10^8^ (±3.6 × 10^6^)   2.1 × 10^8^ (±6.8 × 10^5^)   3    3    6    7
  Control                    4.3 × 10^6^ (±4.7 × 10^4^)               5.0 × 10^6^ (±4.0 × 10^4^)         2.8 × 10^7^ (±4.2 × 10^5^)   2.9 × 10^7^ (±7.0 × 10^5^)   nd   nd   nd   nd

Numbers between brackets display standard deviation of the mean.

*Anaerobic nitrite‐ and nitrate‐dependent methane oxidation* {#emi14345-sec-0007}
------------------------------------------------------------

The potential for AOM was determined by the amendment of nitrite (NO~2~ ^−^) or nitrate (NO~3~ ^−^) under anoxic conditions. Although substrates were replenished when depleted, no stimulation of anaerobic methanotrophic activity was observed, since no increase in ^13^CO~2~ was measured in the headspace over 450 days.

*Analysis of single‐end reads revealed the presence of the Soil Crenarchaeotic Group* {#emi14345-sec-0008}
-------------------------------------------------------------------------------------

All sequencing results presented above were obtained from Illumina paired‐end data. However, as 16S rRNA gene amplicon sequencing depends on primer‐based amplification, a bias can be introduced due to primer specificity. Amplification biases may result in single‐end amplification. Therefore, single‐end data were analyzed separately to quantify the bias for our datasets. The single‐end sequences showed the same amount of OTUs as for paired‐end data, with a total input of nearly 1 million single‐end reads. Single‐end data indicated the presence of the Soil Crenarchaeota Group (SCG), whereas paired‐end data did not. The relative abundance of SCG in the archaeal single‐end reads of the original core was 22%--48%. Their relative abundance ranged between 16% and 23% for the methanogenic enrichments amended with H~2~/CO~2~, H~2~/MeOH and the control. SCG relative abundance in acetate and TMA incubations was lower (3%--6%). For the aerobic methanotrophic cultures, between 39% and 69% of the archaeal single‐end reads were affiliated to the SCG. Recently it was found that the forward primer Arc349F, mostly used for Illumina 16S rRNA gene sequencing of Archaea and also used in this study, only matches 53% of Archaea and missed almost all Crenarchaea and unclassified Archaea (Hugerth *et al*., [2014](#emi14345-bib-0037){ref-type="ref"}). Single‐end data suggest that SCG might play an important role in this ecosystem.

Discussion {#emi14345-sec-0009}
==========

In this study, organic‐rich sediment cores were taken from two freshwater thermokarst lakes in Utqiag˙vik, Alaska. The respective microbial communities were investigated by 16S rRNA gene amplicon sequencing. The bacterial and archaeal community was very diverse. The sediment cores had a relatively rare bacterial biosphere where 50% of the reads was affiliated to groups with an individual abundance of less than 2%. This high bacterial diversity was not observed in previously described thaw ponds/freshwater sediments (Liebner *et al*., [2008](#emi14345-bib-0051){ref-type="ref"}; Rossi *et al*., [2013](#emi14345-bib-0075){ref-type="ref"}; Crevecoeur *et al*., [2015](#emi14345-bib-0013){ref-type="ref"}; Wang *et al*., [2016](#emi14345-bib-0092){ref-type="ref"}; Wagner *et al*., [2017](#emi14345-bib-0089){ref-type="ref"}). The dominant members of the bacterial community were Bacteriodetes (16%--19%) similar to a study of polygonal tundra in the Lena Delta, Siberia, where Bacteroidetes constituted almost 50% of the soil microbial community (Liebner *et al*., [2008](#emi14345-bib-0051){ref-type="ref"}). Most studies of permafrost thaw ponds that used different DNA extraction and amplification methods, however, have found Proteobacteria to be the most dominant Bacteria (Rossi *et al*., [2013](#emi14345-bib-0075){ref-type="ref"}; Crevecoeur *et al*., [2015](#emi14345-bib-0013){ref-type="ref"}; Wang *et al*., [2016](#emi14345-bib-0092){ref-type="ref"}; Wagner *et al*., [2017](#emi14345-bib-0089){ref-type="ref"}), a pattern that was also shown by Wagner *et al*. ([2017](#emi14345-bib-0089){ref-type="ref"}) who used the same extraction method and 16S rRNA gene amplification as our study. The most abundant Archaea belonged to Rice Cluster II, *Methanosaetaceae*, and Bathyarchaeota, which are commonly found in permafrost sediments and soils (Mondav *et al*., [2017](#emi14345-bib-0060){ref-type="ref"}; Winkel *et al*., [2018](#emi14345-bib-0095){ref-type="ref"}).

With thaw, previously frozen organic matter will become available for degradation; however, it is impossible to predict what will become available when and in which concentrations. To investigate the microbial response to warming and nutrient availability on the CH~4~ emissions, the activity of methanogens and methanotrophs were studied in batch incubations. Here we provided substrate concentrations that were lower than previous studies have used (Allan et al., [2014](#emi14345-bib-0003){ref-type="ref"}: 30 mM acetate; Wagner *et al*., [2017](#emi14345-bib-0089){ref-type="ref"}: 20 mM trimethylamine (TMA)), and are therefore closer to environmentally relevant conditions. Highest methanogenic activity was observed with TMA (6.6 and 8.5 μmol CH~4~ gdw^−1^ d^−1^ at 4°C and 10°C respectively). 50% of the TMA was converted to CH~4~. The methanogenic community was clearly enriched in *Methanosarcinaceae*, which was expected based on their substrate spectrum (Garrity *et al*., [2004](#emi14345-bib-0025){ref-type="ref"}). Acetoclastic methanogenesis was the second most active process (3.4 and 4.7 μmol CH~4~ gdw^−1^ d^−1^ at 4°C and 10°C respectively). About 73% of the acetate was converted to CH~4~. Here, *Methanosaetaceae* had a highest relative abundance followed by *Methanosarcinaceae*, which is expected based on their substrate spectrum (Garrity *et al*., [2004](#emi14345-bib-0025){ref-type="ref"}). These CH~4~ production rates were higher than those found by Allan *et al*. ([2014](#emi14345-bib-0003){ref-type="ref"}), who observed an average CH~4~ flux of 1.8 nmol (g wet weight)^−1^ d^−1^ at 4°C and 0.9 nmol (g wet weight)^−1^ d^−1^ at 22°C in Siberian permafrost microcosms amended with 30 mM acetate during 40--50 days. Although the incubation period in this study was longer, higher rates were also observed after 40 days (0.1 ± 0.02 and 0.2 ± 0.02 μmol CH~4~ gdw^−1^ d^−1^ at 4°C and 10°C). The difference in rates is probably mainly caused by the high organic matter content of the Alaskan lake sediments used in this study (25--35 wt%) compared with the Siberian permafrost land soils studied by Allan *et al*. ([2014](#emi14345-bib-0003){ref-type="ref"}) (4--6 wt%). In the active methanogenic incubations, there was a high temperature sensitivity for TMA and acetate after 98 days (Q~10~ value of 9.8 and 4.2 respectively). High Q~10~ values for methane production in lake sediments were observed before for short incubations (\<50 days) (Duc *et al*., [2010](#emi14345-bib-0020){ref-type="ref"}; Sepulveda‐Jauregui *et al*., [2018](#emi14345-bib-0080){ref-type="ref"}). However, the Q~10~ values in our incubations decreased after 279 days to 0.9 and 1.1 for TMA and acetate respectively. At this point, warming did no longer cause significant differences (two‐sided *t*‐test; *p* \> 0.05) to the total CH~4~ produced with the two different substrates, indicating that over a longer time period (\>150 days) temperature has no strong effect on the activity of methylotrophic methanogenesis in the incubation bottles. Hydrogenotrophic methanogens were most strongly influenced by the temperature increase (total CH~4~ production increased by 66% at 10°C). However, the stoichiometry of the reaction did not match very well as only 3% (for 4°C) and 5% (for 10°C) of the substrates was converted to CH~4~. This is an indication that other microbial processes than methanogenesis may be occurring. The total methane production was more pronounced in the presence of acetate and TMA, corroborated by the shifts from hydrogenotrophic to acetoclastic methanogens at elevated temperatures in other studies (Allan *et al*., [2014](#emi14345-bib-0003){ref-type="ref"}; McCalley *et al*., [2014](#emi14345-bib-0057){ref-type="ref"}; Coolen and Orsi, [2015](#emi14345-bib-0012){ref-type="ref"}). The increase in acetate concentration in a natural system often occurs from the reduction of CO~2~ with H~2~ to acetate by acetogens, which is followed by acetoclastic methanogenesis (Angel *et al*., [2012](#emi14345-bib-0004){ref-type="ref"}). Our results are in contrast with studies that found higher abundances of hydrogenotrophic methanogens in the active layer of permafrost (Barbier *et al*., [2012](#emi14345-bib-0005){ref-type="ref"}; Deng *et al*., [2015](#emi14345-bib-0016){ref-type="ref"}). In the H~2~/CO~2~ incubations, no clear shift in community composition was observed. The relative abundance of the hydrogenotrophic orders Methanomicrobiales and Methanocellales were slightly increased compared with their abundance in the original sediment, which is in line with the postulation that '*Candidatus* Methanoflorens stordalenmirensis' of the order Methanocellales might be a key player in the methane positive feedback loop in thawing permafrost (McCalley *et al*., [2014](#emi14345-bib-0057){ref-type="ref"}; Mondav *et al*., [2014](#emi14345-bib-0061){ref-type="ref"}). The CH~4~ production rates in the control incubations (1.0 and 1.7 μmol CH~4~ gdw^−1^ d^−1^ at 4°C and 10°C respectively) were similar as previously observed in permafrost soil, where CH~4~ production ranged between 0.1 and 0.9 μmol CH~4~ (g wet soil)^−1^ d^−1^ after 1 week of incubation at 10°C (Barbier *et al*., [2012](#emi14345-bib-0005){ref-type="ref"}), assuming the same wet to dry weight conversion factor of 3 as was measured in our study. Methanol amendment (2 mM) might have had an inhibitory effect at both temperatures, possibly related to toxicity, since the observed methanogenic activity was lower than the control. Similar observations were made in a methanogenic mesocosm study with Arctic sediment amended with methanol (10 mM) (Blake *et al*., [2015](#emi14345-bib-0009){ref-type="ref"}). Curiously, standard incubations for meso‐ and thermophilic methylotrophic methanogenic cultures include similar and even higher concentrations of methanol without any of the potential toxic effects observed in our study (Doerfert *et al*., [2009](#emi14345-bib-0018){ref-type="ref"}; Mochimaru *et al*., [2009](#emi14345-bib-0059){ref-type="ref"}; Allan *et al*., [2014](#emi14345-bib-0003){ref-type="ref"}). Although there was no methanogenic activity observed with H~2~/MeOH as substrates, the clade Terrestrial Miscellaneous Group, belonging to the class Thermoplasmata, increased in relative abundance in these cultures. The class Thermoplasmata contains the recently found methanogenic lineage Methanomassiliicoccales (Dridi *et al*., [2012](#emi14345-bib-0019){ref-type="ref"}; Iino *et al*., [2013](#emi14345-bib-0039){ref-type="ref"}) that use H~2~ and methanol or methylamines as substrates for methanogenesis, which were also found in thaw ponds and permafrost affected wetlands (Crevecoeur *et al*., [2015](#emi14345-bib-0013){ref-type="ref"}; Yang *et al*., [2017](#emi14345-bib-0096){ref-type="ref"}).

The CH~4~ produced by the methanogens is commonly oxidized to CO~2~ by methanotrophs in the sediment. In this study, oxidation rates increased by 57% at 10°C compared with 4°C, which is in line with previous observations from experiments in serum bottles (Knoblauch *et al*., [2008](#emi14345-bib-0045){ref-type="ref"}; Duc *et al*., [2010](#emi14345-bib-0020){ref-type="ref"}; He *et al*., [2012](#emi14345-bib-0031){ref-type="ref"}; Stackhouse *et al*., [2017](#emi14345-bib-0081){ref-type="ref"}). Knoblauch *et al*. ([2008](#emi14345-bib-0045){ref-type="ref"}) observed highest oxidation rates at 22°C in Siberian permafrost soils and an increase at 10°C compared with 0°C and 6°C, although rates were almost 100‐fold different between their two sampling sites. He *et al*. ([2012](#emi14345-bib-0031){ref-type="ref"}) studied Alaskan Arctic lake sediment, where the oxidation rates ranged between 0.3 and 1.3 μmol CH~4~ gdw^−1^ d^−1^ at 4°C (5 days of incubation) and 27.3--29.5 μmol CH~4~ gdw^−1^ d^−1^ at 10°C (4 days of incubation). We observed rapid enrichment of the methanotrophic community, at both temperature conditions. Type I methanotrophs, from the family *Methylococcaceae*, increased in relative abundance at both temperatures, while type II methanotrophs were not observed in the incubations. The provided high concentrations of CH~4~ might have created a niche for type I methanotrophs. The dominance of type I methanotrophs was also found in the active layer of permafrost from the Lena Delta, Siberia (Wagner *et al*., [2005](#emi14345-bib-0088){ref-type="ref"}), lake sediments of Lake Qalluuraq, Alaska (He *et al*., [2012](#emi14345-bib-0031){ref-type="ref"}), soils from Ellesmere Island, Canada (Martineau *et al*., [2010](#emi14345-bib-0054){ref-type="ref"}), and the active layer of permafrost in the Canadian High Arctic (Yergeau *et al*., [2010](#emi14345-bib-0097){ref-type="ref"}). Interestingly, the relative abundance of the potential methylotrophs affiliated with the non‐CH~4~ utilizing methylotrophs of the order Methylophilales increased in the enrichments. The co‐occurrence of gammaproteobacterial methanotrophs and non‐CH~4~‐utilizing methylotrophs have been seen before in batch incubations with lake and Arctic sediments amended with CH~4~ (Beck *et al*., [2013](#emi14345-bib-0007){ref-type="ref"}; Crevecoeur *et al*., [2015](#emi14345-bib-0013){ref-type="ref"}; Hernandez *et al*., [2015](#emi14345-bib-0033){ref-type="ref"}; Oshkin *et al*., [2015](#emi14345-bib-0067){ref-type="ref"}). The applied high concentrations of CH~4~ and long incubation time could have led to high activity of the methane monooxygenase enzyme resulting in MeOH release, enabling cross feeding from methanotrophs to these methylotrophs (Martineau *et al*., [2010](#emi14345-bib-0054){ref-type="ref"}; He *et al*., [2012](#emi14345-bib-0031){ref-type="ref"}; Kalyuzhnaya *et al*., [2013](#emi14345-bib-0042){ref-type="ref"}; Tavormina *et al*., [2017](#emi14345-bib-0083){ref-type="ref"}). Stable isotope analysis have shown that carbon from CH~4~ does get transferred to Methylophilales (Hutchens *et al*., [2004](#emi14345-bib-0038){ref-type="ref"}; Beck *et al*., [2013](#emi14345-bib-0007){ref-type="ref"}; Kalyuzhnaya *et al*., [2013](#emi14345-bib-0042){ref-type="ref"}), but the exact mechanism is still unknown. The most abundant non‐methanotrophic bacterial order was Flavobacteriales. It might be possible that the DNA extraction and 16S rRNA gene amplification is biased toward Flavobacteriales resulting in a high abundance, however, the co‐occurrence of Flavobacteriales with methanotrophs has also been observed in other methanotrophic incubations (Barbier *et al*., [2012](#emi14345-bib-0005){ref-type="ref"}; Beck *et al*., [2013](#emi14345-bib-0007){ref-type="ref"}; Hernandez *et al*., [2015](#emi14345-bib-0033){ref-type="ref"}; Oshkin *et al*., [2015](#emi14345-bib-0067){ref-type="ref"}) and in thawing permafrost soils (Coolen and Orsi, [2015](#emi14345-bib-0012){ref-type="ref"}). Ho *et al*., ([2014](#emi14345-bib-0035){ref-type="ref"}) even observed a correlation between methane oxidation and heterotrophic richness. The role of these heterotrophs in the community is still elusive but interactions with methane‐oxidizing communities have been found with stable isotope probing (Qiu *et al*., [2009](#emi14345-bib-0072){ref-type="ref"}). They are likely feeding on accumulated organic compounds such as organic acids and polymeric substances excreted by methanotrophs and other community members or coming from dead and lysed cells (Wendlandt *et al*., [2010](#emi14345-bib-0093){ref-type="ref"}; Kalyuzhnaya *et al*., [2013](#emi14345-bib-0042){ref-type="ref"}; Ho *et al*., [2014](#emi14345-bib-0035){ref-type="ref"}; Yu and Chistoserdova, [2017](#emi14345-bib-0098){ref-type="ref"}). Further work is needed to understand potential cross‐feeding processes between methanotrophs, methylotrophs and heterotrophs.

Besides the aerobic oxidation of CH~4~ by methanotrophic bacteria, the nitrite‐ and nitrate‐dependent AOM by methanotrophic archaea was studied. These processes are carried out by '*Candidatus* Methylomirabilis oxyfera' (Raghoebarsing *et al*., [2006](#emi14345-bib-0074){ref-type="ref"}) and '*Candidatus* Methanoperedens nitroreducens' (Haroon *et al*., [2013](#emi14345-bib-0030){ref-type="ref"}). '*Candidatus* Methanoperedens' archaea were present in the original sediment (0.3%--2.1% of archaeal reads), indicating that AOM might be possible. However, no AOM activity was observed in our incubations. In the sampled environment, the NO~3~ ^−^ concentration in the sediments was low, ranging between 0.8 and 2.4 μM. In submarine permafrost, where ANME were found, higher NO~3~ ^−^ concentrations were detected (Winkel *et al*., [2018](#emi14345-bib-0095){ref-type="ref"}). This indicates that NO~3~ ^−^ does not play an important role in this ecosystem, and when nitrite and nitrate are present they are probably consumed by heterotrophic denitrifiers rather than by ANME Archaea. Other substrates involved in anaerobic methanotrophy should be tested in future studies to determine if AOM is occurring in the sediments of these lakes.

Altogether our results indicate that with the availability of various substrates and increasing temperature both the CH~4~ production and consumption rates increase. The microbial community structure was strongly affected by the provided substrate. At higher temperature, there is a rapid response of the methanotrophic community to counteract the increase of the CH~4~ emission from methanogens. These laboratory slurry incubations showed that the microbial community was able to adapt to different environmental conditions after nearly a year of incubation. It is essential to better understand the interaction of methanogens and methanotrophs in this ecosystem under increasing substrate availability and elevated temperature scenarios before predications can be made about *in situ* situations.

Experimental procedures {#emi14345-sec-0010}
=======================

*Site description and sediment sampling* {#emi14345-sec-0011}
----------------------------------------

Sediment cores were collected from two nearby thermokarst lakes (Lake Emaiksoun and Unnamed Lake) during a winter field campaign carried out by the Vrije Universiteit Amsterdam in November 2015 to the northernmost US settlement of Utqiag˙vik in the North Slope of Alaska, The United States. The two sampled lakes had maximum water depths of about 2.6 m, which made them relatively deep in comparison to the surrounding lakes (Hinkel *et al*., [2012](#emi14345-bib-0034){ref-type="ref"}). Despite the low depth, the lake bathymetry fell off steeply within a few meters from the shorelines. Both sampled lakes were located within wider drained lake basins with old remnant shorelines suggesting lake drainage at some point in the past. The sediment cores were collected in duplicates from seven different sites of the frozen lakes surfaces with a hand‐operated Uwitec gravity coring system (Supporting Information Table [S1](#emi14345-supitem-0001){ref-type="supplementary-material"}, Supporting Information Fig. [S1](#emi14345-supitem-0001){ref-type="supplementary-material"}). The cores had a diameter of 9 cm and lengths ranging from 40 to 86 cm. On the day of coring, pore‐water samples were obtained from seven cores (one core at each site) at a 10 cm resolution with ceramic rhizons (pore size 0.12--0.18 μm) from Rhizosphere (Wageningen, The Netherlands). Porewater samples were treated with potassium iodide (KI) to prevent microbial activity. The cores were stored horizontally in the dark at 4°C at the Vrije Universiteit Amsterdam, the Netherlands. Pore water data was analyzed by inductive coupled plasma‐optical emission spectrometry (ICP‐OES) for Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si, Zn (iCap 6300, Thermo Scientific, Waltham, MA) and continuous flow analysis (CFA) for NO~3~, NH~4~, PO~4~, Na, K and Cl (Supporting Information Tables [S2](#emi14345-supitem-0001){ref-type="supplementary-material"} and [S3](#emi14345-supitem-0001){ref-type="supplementary-material"}) (Bran+Luebbe Auto Analyzer, SPX Flow, Norderstedt, Germany; Seal Analytical AutoAnalyzer 3, Seal Analytical, Southampton, UK).

*Incubation experiments* {#emi14345-sec-1012}
------------------------

The incubation experiments were started within half a year of sampling. The elemental data from pore water data analysis was used for medium design. The active top layer sediments from the seven cores (128 g) were mixed 1:10 weight/volume with anaerobic freshwater medium \[KH~2~PO~2~ 0.20 g L^−1^, NH~4~Cl 0.25 g L^−1^, NaCl 1.00 g L^−1^, MgCl~2~ · 6H~2~O 0.40 g L^−1^, KCl 0.50 g L^−1^ and CaCl~2~ · 2H~2~O 0.15 g L^−1^ in grade 3 demineralized water, 1 ml L^−1^ trace element solution SL‐10 (DSMZ) with CeCl~3~ · 7H~2~O 24 mg L^−1^, Na~2~SeO~3~ · 5H~2~O 30 mg L^−1^ and Na~2~WO~4~ · 2H~2~O 40 mg L^−1^ and 1 ml L^−1^ vitamin solution (DSMZ) (biotin 20 mg L^−1^, folic acid 20 mg L^−1^, pyridoxine HCl 100 mg L^−1^, thiamine HCl · 2H~2~O 5 mg L^−1^, riboflavin 5 mg L^−1^, nicotinic acid 5 mg L^−1^, Ca‐P‐pantothenate 5 mg L^−1^, cobalamin 0.10 mg L^−1^, p‐aminobenzoic acid 5 mg L^−1^ and lipoic acid 5 mg L^−1^)\]. The final pH of the slurries was 6.3.

###  {#emi14345-sec-0012}

#### *Methanogenic incubations*. {#emi14345-sec-0013}

50 ml aliquots of the slurry were distributed over 120 ml sterile glass serum bottles. Triplicate incubations for 4°C and 10°C were prepared for acetoclastic, hydrogenotrophic, methylotrophic and hydrogen‐dependent methylotrophic methanogens and biotic controls without any substrates. Final concentrations of 2 mM acetate, TMA or MeOH/H~2~ were added to the respective incubations. Culture bottles were sealed with airtight red butyl rubber stoppers and secured with open‐top aluminium crimp caps. Anaerobic conditions were created by three 15‐min cycles of vacuuming and subsequent gassing for three minutes with 1 bar Argon overpressure; in the end the overpressure was removed. For the hydrogenotrophic incubations, H~2~ (8 mM) and CO~2~ (2 mM) were added to the serum bottles.

To remove trace oxygen, 0.1 ml sterile 150 g L^−1^ L‐cysteine and 0.1 ml sterile 150 g L^−1^ Na~2~S were added. The serum bottles were incubated in the dark at 4°C and 10°C under continuous shaking at 150 rpm. During incubation, substrates were replenished when needed. For acetate amended cultures, in total 14 mM of acetate was added (pulses of 4 mM at day 64 and 2 mM at day 141, 190, 211 and 234) and 12 mM of TMA (pulses of 2 mM at day 141, 190, 211, 234 and 269) during the incubation period of 279 days. For H~2~/CO~2~ incubations a total of 56 mM H~2~ and 22 mM CO~2~ was added (at day 28, 36, 44, 48, 50, 51, 52, 55, 57, and 62) and for H~2~/methanol incubations this was 16 mM H~2~ and 16 mM methanol (in pulses of 2 mM on day 10, 21, 28, 36, 44, 141, and 255). All concentrations were calculated based on 50 ml liquid volume, assuming all of the substrate dissolves over time.

Due to high substrate consumption in the H~2~/CO~2~ incubations, biomass was harvested after 64 days. All other enrichment cultures were terminated after 279 days. The pH was measured at the end of the incubation period (Metrohm, Herisau, Switzerland; Hanna Instruments, Betuwehaven, The Netherlands). Contents from triplicate individual bottles were pooled and centrifuged for 10 min at 2800× rcf (Eppendorf, Nijmegen, The Netherlands). Pellets were stored at −18°C until further analysis.

#### *Aerobic methanotrophic incubations*. {#emi14345-sec-0014}

50 ml slurry was transferred to 120 ml culture bottles and 2 mM of CH~4~ (final concentration for 50 ml) was added to the headspace. The biotic control contained only the sediment slurry; the abiotic control contained CH~4~ and 500 μM chloroform to inhibit general microbial activity. Triplicate serum bottles were incubated in the dark at 4°C and 10°C under continuous shaking at 150 rpm. After near complete oxidation of CH~4~ or stagnation of methanotrophic activity, bottles were flushed with three times the headspace volume with 0.2 μM filter sterilized air before addition of CH~4~. Due to high activity, CH~4~ concentrations were increased to 7.8 mM after 2 weeks of incubations (1:1.5 CH~4~:O~2~). Cultures were harvested after 62 days, using the same method as described above.

#### *Anaerobic methanotroph incubations*. {#emi14345-sec-0015}

About 50 ml of slurry was amended with 0.25 mM nitrite (NO~2~ ^−^) or 2 mM nitrate (NO~3~ ^−^) together with 1 mM ^13^CH~4~ in 120 ml culture bottles. Control incubations were prepared either without electron acceptors or ^13^CH~4~. Bottles were capped and gassed/degassed as described in the aerobic methanotrophic incubations; a final overpressure of 0.5 bar Argon was applied. Thereafter, ^13^CH~4~ was added. The triplicate serum bottles were incubated in the dark at 4°C and 10°C under continuous shaking at 150 rpm. After 125 days, 14 ml of ^13^CH~4~ (20% of headspace) was added to stimulate activity. After 246 days, the pH (Hanna Instruments, Betuwehaven, The Netherlands) and concentration of NO~2~ ^−^ and NO~3~ ^−^ (Griess, [1879](#emi14345-bib-0027){ref-type="ref"}) were measured by taking an aliquot of the culture, when depleted NO~2~ ^−^ and NO~3~ ^−^ were added. After, concentrations of NO~2~ ^−^ and NO~3~ ^−^ were monitored twice a month and were replenished when they dropped below 20 μM for NO~2~ ^−^ and 0.8 mM for NO~3~ ^−^. Headspace ^13^CO~2~ was monitored for 450 days.

*Analysis of substrates and products* {#emi14345-sec-0016}
-------------------------------------

Gas samples (50 μl) were withdrawn with a gas‐tight glass syringe (Hamilton, Reno, NE) and injected into a HP 5890 gas chromatograph (Hewlett Packard, Palo Alto, CA) equipped with a Porapaq Q 100/120 mesh (Sigma Aldrich, Saint Louis, MI) and a flame ionization detector (FID) for CH~4~ detection and a thermal conductivity detector (TCD) for measuring H~2~, CH~4~ and CO~2~ simultaneously using N~2~ as carrier gas. An Agilent 6890 series gas chromatograph coupled to a mass spectrometer (Agilent, Santa Clara, CA) equipped with a Porapak Q column heated at 80°C with Helium as the carrier gas was used for measurements of CO~2~ and O~2~. Concentration of gases in the incubations was calculated by the sum of the gas concentration in the headspace and liquid phase divided by the slurry dry weight. Maximum production and consumption rates of CH~4~ were calculated by subtracting each measure point by previous time point and divide it by days and grams of dry weight of 50 ml slurry. The Q10 coefficient was calculated as described in Sepulveda‐Jaurequi *et al*. ([2018](#emi14345-bib-0080){ref-type="ref"}). The maximum Q10 was determined by the comparison of the rates occurring at the same time point. The final Q10 was determined by using the final measurement. Two‐sided *t*‐tests were performed in Microsoft Office Excel (2016). Nitrate concentrations in the cultures were estimated with Merckoquant test strips (0--80 mg L^−1^, Merck, Germany), nitrite was measured using the nitrite determination protocol by Griess ([1879](#emi14345-bib-0027){ref-type="ref"}).

*Molecular analysis* {#emi14345-sec-0017}
--------------------

###  {#emi14345-sec-1018}

#### *DNA isolation*. {#emi14345-sec-0018}

Sediment samples were taken aseptically from the original sediments and stored at −18°C until DNA isolation. Samples from batch incubation cultures were pelleted by centrifugation for 10 min at 20,000*g* (Eppendorf, Nijmegen, The Netherlands). Samples for DNA analysis were obtained by pooling equal amounts of pelleted slurry sample per triplicate bottle. DNA was extracted in duplicate per sample using the PowerSoil DNA Isolation Kit (MO BIO, Qiagen, Venlo, The Netherlands) following the manufacturer\'s instructions with the following modifications: the initial PowerBead Tube vortex step was carried out using a bead beater at 30 bps for 10 min. The primary centrifugation step was done for 1 min at 10,000*g*. DNA elution was performed with 2 × 25 μl sterile Milli‐Q with 2 min incubation at room temperature prior to centrifugation. The second elution centrifugation step was carried out for 1 min at 10,000*g*. DNA quality was checked by agarose gel electrophoresis, spectrophotometrically using the NanoDrop 1000 (Invitrogen, Thermo Fisher, Carlsbad, CA) and fluorometrically using the Qubit dsDNA HS Assay Kit (Invitrogen, Thermo Fisher, Carlsbad, CA) according to the manufacturer\'s instructions. Duplicate samples with highest yield and quality were selected for downstream applications.

#### *Phylogenetic analysis*. {#emi14345-sec-0019}

To assess the diversity of Bacteria and Archaea, 16S rRNA gene amplicon sequencing was performed on an Illuminia Miseq Next Generation Sequencing by Macrogen, Korea. The primers for bacterial amplification were Bac341F (5′‐CCTACGGGNGGCWGCAG‐3′) (Herlemann *et al*., [2011](#emi14345-bib-0032){ref-type="ref"}) and Bac806R (5′‐GGACTACHVGGGTWTCTAAT‐3′) (Caporaso *et al*., [2012](#emi14345-bib-0010){ref-type="ref"}). For archaeal amplification the primers were Arch349F (5′‐GYGCASCAGKCGMGAAW‐3′) (Takai and Horikoshi, [2000](#emi14345-bib-0082){ref-type="ref"}) and Arch806R (5′‐GGACTACVSGGGTATCTAAT‐3′) (Takai and Horikoshi, [2000](#emi14345-bib-0082){ref-type="ref"}). For the output data, 90% of the reads had a Q20 quality score of 90% (Q30 for ≥ 81% of reads) or higher and average total read count was 161,000 reads per sample. Sequences were filtered for a length between 400 and 500 base pairs (bp). For additional analyses with single‐end reads minimum read length was set to 291 bp. Amplicon sequences were quality checked for chimeras using the UCHIME algorithm (Edgar *et al*., [2011](#emi14345-bib-0021){ref-type="ref"}), clustered into OTUs with a 97% identity cut‐off value and classified using the SILVA v128 16S rRNA gene non‐redundant database (SSURef_NR99_128_SILVA) and the Bayesian classifier ('wang') using the MySeq SOP (<http://www.mothur.org>/) (Schloss *et al*., [2009](#emi14345-bib-0077){ref-type="ref"}). 'Chloroplasts', 'Mitochondria', 'unknown' and 'Eukaryota' were removed for both datasets, 'Bacteria' and 'Archaea' were removed for the archaeal and bacterial sequence datasets respectively. The 'filename.taxonomy' and 'filename.shared' files were used for downstream analyses with R (<https://www.r-project.org>/) (R Development Core Team, [2013](#emi14345-bib-0073){ref-type="ref"}) and Rstudio v3 (<https://www.rstudio.com>/) (RStudio Team, [2015](#emi14345-bib-0076){ref-type="ref"}) as described in in 't Zandt *et al*. ([2017](#emi14345-bib-0040){ref-type="ref"}). Singletons were removed and data was rarefied in R (see rarefraction curves in Supporting Information Figs. [S6--S9](#emi14345-supitem-0001){ref-type="supplementary-material"}). All sequencing data were submitted to the GenBank databases under the BioProject SRP133831.

Diversity indices were calculated on the OTU tables with the summary.single command in mothur using 'chao' to assess community richness; 'simpsoneven' and 'shannoneven' to assess community evenness and 'simpson' and 'shannon' to assess community diversity. NMDS plots were made using the OTU output tables from mothur. All data was analyzed using r (<https://www.r-project.org>/) (R Development Core Team, [2013](#emi14345-bib-0073){ref-type="ref"}) and Rstudio v3 (<https://www.rstudio.com>/) (RStudio Team, 2015). All OTUs with 1 hit or less per sample were removed to reduce noise. Plots were made using the 'metaMDS' tool from the 'Vegan' package in R (Oksanen *et al*., [2018](#emi14345-bib-0065){ref-type="ref"}), stress was calculated using 20 iterations. Colour labels were added with 'rgl' (Adler *et al*., [2018](#emi14345-bib-0002){ref-type="ref"}).

#### *Cloning, sequencing and qPCR*. {#emi14345-sec-0020}

16S rRNA gene copy numbers in the environmental samples and enrichment samples were quantified with the archaeal and bacterial Illumina primers described above. Quality and size checks were performed using agarose gel electrophoresis. All qPCR reactions were performed using PerfeCTA Quanta master mix (Quanta Bio, Beverly, MA) and 96‐well optical PCR plates (Bio‐Rad Laboratories B.V., Veenendaal, The Netherlands) with optical adhesive covers (Applied Biosystems, Foster City, CA). All reactions were performed on a C1000 Touch thermal cycler equipped with a CFX96 Touch™ Real‐Time PCR Detection System (Bio‐Rad Laboratories B.V., Veenendaal, The Netherlands); 0.5 ng DNA template was used per reaction. Negative controls were added to each run by replacing the template with sterile Milli‐Q water. Standard curves were constructed with a 10‐fold serial dilution of a quantified copy number of pGEM®‐T Easy plasmids with inserted Illumina PCR fragments of archaeal and bacterial 16S rRNA gene (Promega, Madison, WI). All qPCR data was analyzed using the Bio‐Rad CFX Manager version 3.0 (Bio‐Rad Laboratories B.V., Veenendaal, The Netherlands).

Supporting information
======================
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**Fig. S1**. Map of the two sampled lakes in Utqiag˙vik, Alaska, USA.

**Fig. S2**. Non‐metric multidimensional scaling (NMDS) plot for archaeal community structure of reads from original cores 1--7 with a stress of 0.09.

**Fig. S3.** Non‐metric multidimensional scaling (NMDS) plot for bacterial community structure of reads from original cores 1--7 with a stress of 0.02.

**Fig. S4**. Phylogenetic classification of amplified bacterial 16S rRNA genes in the methanogenic incubations. The maximum taxonomy depth is on family level. Taxonomic groups with \< 2% abundance are grouped in 'Other'.

**Fig. S5**. Phylogenetic classification of amplified archaeal 16S rRNA genes in the methanotrophic incubations. The maximum taxonomy depth is on family level. Taxonomic groups with \< 2% abundance are grouped in 'Other'.

**Fig. S6**. Rarefaction curves from bacterial reads in original core, singletons were removed.

**Fig. S7**. Rarefaction curves of archaeal reads in original cores, singletons were removed.

**Fig. S8**. Rarefaction curves of archaeal reads in methanogen enrichments, singletons were removed.

**Fig. S9**. Rarefaction curves of bacterial reads in methanotrophic enrichments, singletons were removed.

**Table S1**. GPS coordinates of the sediment core samples taken from Lake Emaiksoun and Unnamed Lake.

**Table S2.** Porewater data of 2 cores of Lake Emaiksoun (LE) and Unnamed Lake (UL) analyzed by inductive coupled plasma‐optical emission spectrometry (ICP‐OES) for aluminium (Al), calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), phosphorus (P), sulfur (S), silicon (Si), and zinc (Zn) in parts per million (ppm). Depth is shown in cm.

**Table S3.** Pore water data of 2 cores of Lake Emaiksoun (LE) and Unnamed Lake (UL) analyzed by continuous flow analysis (CFA) for nitrate (NO~3~), ammonium (NH~4~), phosphate (PO~4~) and sodium (Na), potassium (K) and chloride (Cl) in μmol L^−1^. Depth is shown in cm.

**Table S4.** Bacterial alpha diversity analyses. All data sets were rarefied for the smallest dataset = 35,769 sequences. Sample coverages were all above 80%, indicating that the communities were sampled deep enough.

**Table S5.** Archaeal alpha diversity analyses. All data sets were rarefied for the smallest dataset = 3,625 sequences. Sample coverages were all above 94%, indicating that the communities were sampled deep enough.

**Table S6.** Cell‐specific rates for methane formation or oxidation calculated for the most active incubations.

###### 

Click here for additional data file.
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